Introduction
Acoustic standards over the audible frequency range have been realized through calibration of laboratory standard microphones [1] . Although absolute pressure calibration by using an acoustic coupler can be done with high accuracy, absolute free-field calibration is difficult because sufficiently high signal-to-noise ratio cannot be realized [2, 3] .
Free-field correction is defined as the values for the difference between free-field and pressure sensitivity levels [4] . The correction values mainly depend on the shape and dimension of the microphone and are similar for microphones of the same type. Therefore, certain types of standard microphones have been given reference values for free-field correction. The free-field sensitivity level is usually obtained by adding these reference values to the pressure sensitivity level. For type LS2aP microphones [1] , although reference values have been calculated by using theory [5] , they have not yet been validated by experiments. This paper shows that calculated values of free-field correction for type LS2aP microphones agree within about 0.1 dB with measured values.
2. Absolute free-field calibration method for laboratory standard microphones [3] In this calibration method, two microphones are mounted on supporting rods in an anechoic chamber (Fig. 1) .
The reciprocity theorem states that a microphone's sensitivity as a transmitter is proportional to that as a receiver. Therefore, the voltage ratio T AB between an input voltage of a transmitter microphone A and an output voltage of a receiver microphone B is related to the free-field sensitivities of the two microphones as follows:
where E A is the input voltage of the transmitter, E B is the output voltage of the receiver, j is the imaginary part of a complex number, f is frequency, is the density of air, is the attenuation coefficient of air, k is wave number, d is the distance between the acoustic centers of the two microphones, Z A is the electrical impedance of the transmitter, and M A and M B are the free-field sensitivities of microphones A and B, respectively. Thus, the term M A M B can be determined. Each free-field sensitivity M A and M B can be obtained by using a third microphone, C, and measuring the voltage ratio for each of the three pairs of transmitters and receivers, namely (A,B), (A,C), and (B,C).
Calculated free-field correction
B&K4180 microphones were selected as the type LS2aP microphone. Figure 2 shows the frequency dependence of the free-field correction, calculated computationally by using an infinite-matrix method [5] . For the microphone diaphragm parameters necessary for calculation, typical values were used: resonance frequency of 22 kHz, quality factor of 0.95, and tension of 2.5 kN/m. Figure 3 shows the shape and dimension of the B&K4180 housing and supporting rod. Although an outside diameter of the LS2aP had a discontinuity, it was simplified for the calculation by assuming that the outside diameters of both the microphone and rod were a constant 13.2 mm lengthwise.
Measured free-field correction
In the measurement of the free-field correction, 10 frequencies from 4 kHz to 20 kHz were selected. For a microphone pair, both the M A M B and the pressure sensitivity product m A m B were measured, and then used to obtain a mean free-field correction for the two microphones.
A large-volume coupler (1cc) was used for pressure calibration [2] . The m A m B was obtained by considering a coupler correction that had been calculated numerically [6] .
For free-field calibration, the uncertainty in the free-field sensitivity becomes less than 0.01 dB by using an average value for the sum of A and B , which are the distances between the front edge and acoustic center of microphones A and B, respectively [7] . The A and B for B&K4180 were measured for 8 pairs of microphones and averaged, and then used to estimate M A M B . Figure 4 shows the measured values. In the measurement of the voltage ratio T AB , the distance between the front edges of the two microphones was set to 20 cm.
Temperature and pressure differences between pressure and free-field calibrations were within 0.3 C and 0.2 kPa, respectively.
For these measurement conditions, experiments were repeated for 5 different microphone pairs, consisting of 1 transmitter and 5 different receiver microphones. Figure 5 shows that the deviation in measured free-field correction from the average for the 5 microphone pairs was within 0.05 dB. Figure 6 shows the calculated deviation in the freefield correction considering the difference in each microphone's parameters. Table 1 shows the measured resonance frequency, quality factor, and the tension of the diaphragm in each microphone.
Comparison between Figs. 5 and 6 indicates that the difference in each microphone's parameters contributed relatively little to the deviation in the measured corrections. Figure 7 shows that calculated free-field corrections agree within about 0.1 dB with the averaged measured corrections. The deviation of about 0.07 dB when the frequency was less than 6 kHz might be due to the uncertainty in the coupler volume in the pressure calibration. Frequency characteristics around 10 kHz are possibly due to the sound reflection caused by the discontinuity in the microphone diameter.
Conclusion
Free-field correction for laboratory standard microphones of type LS2aP was measured within the frequency range of 4 kHz to 20 kHz. The measured corrections agreed with the calculated ones within about 0.1 dB, and the deviation between different microphones of the same type was less than 0.05 dB.
Future research will include further measurements for a larger quantity of B&K4180s, realization of the free-field calibration in the frequency range of less than 4 kHz, and validation of calculated coupler corrections. Fig . 7 Frequency dependence of difference between calculated and measured free-field correction. Measured value is the average for 5 microphone pairs. Fig. 6 Deviation in calculated free-field correction from the average for 5 microphone pairs, 1st , 2nd , 3rd N, 4th 4 and 5th Ä. Each value was calculated considering the difference in each microphone's parameters ( Table 1 ) such as resonance frequency, quality factor, and tension of diaphragm.
